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ABSTRACT

Series of high resolution electron and ion temperature and
electron density measurements at Arecibo have been used to derive
profiles of the neutral temperature from 116 km to 400 km through-
out the day. In this technique usewas madeof least square fitting to
calculate a smooth temperature profile and a neutral atmospheric
model. The availability of a complete profile allows calculation of
the thermal energy storage and downward heat conduction throughout
the day.

Two methods have been employed to calculate the density pro=~
file. The first assumes that the density at 120 km is known and
solves for the diffusion equilibrium model that best fits the data.

The second method requires only the assumption of the relative
densities of the neutral constituents at the lower boundary but has a
somewhat higher experimental variance.

It is shown that density and temperature do not in general
peak at the same time as indicated by the current atmospheric models
such as CIRA (1965). These models are based mainly on satellite
orbital decay measurements and indicate a density maximum around
1400 hours. Neutral tempetatures derived from incoherent sounding
have indicated a temperature maximum near 1600 hours. It is now
suggested that these two phenomena may be self consistent when the

entire temperature profile affecting the neutral density is considered.



1. INTRODUCTION

1.1 General Statement of the Problem

Early solutions of the thermal continuity equation under quasi-
static conditions by Harris and Priester (1962a) predicted an
exospheric temperatrue and density maxima near 1700 hours rather
than at the observed density maximum at 1400 hours, Using an
additional hypothetical ""second heat source'' the theoretical timing of
the maxima of both temperature and density were moved to 1400
hours, forcing their neutral model densities to follow those obtained
from satellite orbital decay measurements, Current atmospheric
models such as CIRA 1965 and the proposed "CIRA 1970'" still reflect
this identical phasing of the density and temperature maxima even
though Nisbet (1967}, Carru, Petit, Vasseur and Waldeuful (1967),
and McClure (1969) have shown that the neutral temperature maximum
is rather later nearer to sunset based on incoherent scatter sounding.

This difference is quite important as it has considerable
bearing on the assumptions that affect calculations of atmospheric
heat inputs and the effects of horizontal transport on the upper
atmosphere, Later theories have attempted to reconcile the discre-
pancy by introducing horizontal transport, However, none to date
have correctly described all of the observed phenomena,

Since the temperature and density can only be uniquely
specified in a theoretical model when the distribution of energy input
is known exactly, it was of interest to examine the complete measured
temperature profiles and determine the implied diurnal characteris-

tics of the temperature, density and energy storage,



1.2 Previous Related Studies

1,2.1 Satellite Orbital Decay Density Measurements

The study of the orbital decay of satellites since the launching
of the first Soviet Sputnik in 1957 has provided a wealth of information
about the neutral densities in the upper atmosphere. This contraction
of the orbit results from a loss of total energy from the work done on

the satellite by a drag force given by

F=5p ACD vV
where p is the atmospheric density.

v is the velocity of the satellite relative to the air.
A 1is the cross sectional area of the satellite normal to :;

CDis the drag coefficient.

For elliptic orbits the decre»ase in total energy results in a significant
lowering of the apogee height corresponding to only a small change in
perigee height, As the orbit contracts, the period decreases, while
the average velocity increases until re-entry. Measurements of the
period for successive passes give the rate of change of the orbital
period from which the total work done by the drag force may be
determined, Since the total work done on the satellite is related to
the integral of the density along the entire path of the orbit rather
than the density at one specific location, models of the density dis-
tribution are necessary for reducing the data, However, since the
density rapidly decreases with increasing altitude, the drag force is

strongest near perigee and for highly elliptic orbits produces
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negligible drag for all but a small path arc of 30° or so about perigee
(King-Hele, 1966). Detailed descriptions concerning the theory of
atmospheric drag on satellites have been given by Jastrow and Pearse
(1957), Sterne (1958), Krassovsky (1959), Cook et.al, (1960, 1961),
King-Hele (1964, 1966), and Cook (1965, 1966).

For orbits with an eccentricity greater than 0, 02, the data is
usually reduced to the density at half a scale height above perigee,
This minimizes the standard deviation in the errors resulting from
the assumed model for which a 25% error in the scale height estimate
only produces a 1% error in the density (King-Hele, 1966). Since
the cross sectional area, mass and velocity of the satellite may
usually be measured quite accurately, the main uncertainty in the
density comes from uncertainty in the drag coefficient, Although CD
is altitude dependent, Cook (1965, 1966) has shown that use of a
constant drag coefficient in the altitude range between 140 and 400
km. during low solar activity and between 140 and 600 km., during
high solar activity should not introduce any appreciable errors,
However, he felt that the value of CD = 2, 2.usually used in drag
analysis may be 10 to 15 percent too low., The paddlewheel satellite
measurements of Moe (1966, 1968) also imply higher values., King-
Hele (1966) has discussed the uncertainties introduced in the density
estimates from orbital decay analysis and claimed that the total
percentage errors in the densities can be as low as 7. 6% for spheri= .
cal satellites in well defined orbits, Other uncertainties in deducing
boundary conditions for models based on drag measurements have

been pointed out by Stein and Walker (1965).
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The density distribution of the entire upper atmosphere may
be obtained with the above method by using many satellites with
perigees at various altitudes and geographic locations, However, the
time and spacial resolution is limited by the smoothing of the density
integration effect described above, and according to Moe (1970) could
lead to perhaps a one hour error in the timing of the diurnal maxi-
mum, Also large transient effects can go undetected (King-Hele,
1966).

Some of the uncertainties introduced by the assumed model
and by the smoothing of the density integration effect may be over-
come with accelerometers mounted on the satellite (Broglio, 1967;
Moe et,al,, 1968; and Marcos, 1968). The major uncertainty is
again the drag coefficient while calibration difficulties have posed
other problems.

Another handicap of this method is that the lifetimes of
satellites with perigees much less than 200 km, are very short, Only
by using satellites with a very high ratio of mass to cross sectional
area can the lifetimes be made long enough for useful measurements
in the lower altitudes with perhaps 120 km. being the lowest possible
limit {(King-Hele, 1966),

A measurement technique related to orbital decay is that of
the spin decay of paddlewheel satellites as described by Moe et, al.
(1968) who determined variations of the density scale height over the
solar cycle.

The basic diurnal behavior of the density obtained from early

orbital decay measurements by Jacchia (1960), King-Hele and Walker
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(1961), and by Paitzold and Zschorner (1961) with a maximum around
1400 hours and a minimum just before sunrise has remained
unchanged up to the present time and shows no appreciable shift with
solar activity (Jacchia, 1964),

Nicolet (1952, 1960, 1961) has shown how the vertical density
distribution is related to the temperature profile and has constructed
tabular models for the upper atmosphere. From such tables Jacchia
(1964) was able to estimate the temperature variations using orbital
decay density measurements, Refinements of such models (as will
be discussed later in Section 1. 2.5) have provided most of the
temperatures based on orbital decay measurements, Jacchia and
Slowey (1968) have warned, however, that absolute temperatures
from this method are very unreliable, and their use should be
restricted to only the modeling of the densities,

The correlation of density fluctuations with the solar cycle has
been well established by King-Hele (1965), Jacchia (1964, 1970a, b),
and by King-Hele and Quinn (1965), while Jacchia and Slowey (1964)
have correlated density fluctuations with geomagnetic activity, Orbi-
tal decay analysis has revealed latitudinal and seasonal effects from
the migration of diurnal bulge (Jacchia and Slowey, 1967, 1968;
Newton, 1969a, b) and also a ''semiannual effect' (Paetzold and

Zschorner, 1961; Jacchia, 1966; and Cook, 1969),

1.2.2 EYWV Spectrometric Density Measurements

The intensity of a given wavelength, X, of solar EUV radiation

at an altitude, Z, is given by
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-Zcra(x,j) Sn(j,Z')dS

(X, 2) = I(\)e?

where L (M) is the intensity of the radiation incident on the outer
atmosphere.
O'a()\ ,j) is the absorption cross section of the jth constituent
for wavelength A,
dSs is an element of path length in the direction of the sun.

n(j, Z) is the number density of the jth constituent.

Rocket borne EUV spectrometers provide measurements of I(A, Z)
which specifies the product of the cross section and the integral of

©
the density S‘Z n dS. If the cross section is known, differentiation of
the altitude dependent measurements then provides the density profile.
Reduction of the data from satellite spectrometers, however, involves
a more complicated path geometry in the density integral. In this
case the integral gets its main contribution in the region of closest
approach to earth of the optical path.

If a measurement of I{A, Z) is made for a wavelength that is
selectively absorbed by only one constituent, then the number density
of that particular constituent may be determined. By choosing
different wavelengths which are absorbed by other constituents,
densities can be obtained for even minor constituents,

Byram et.al, (1956), Hinteregger (1961), and Hall et, al,
(1963, 1965) have described instruments which have been successful
in making these measurements,

Rocket flights of EUV spectrometers have been described

by Byram et,al. (1956), Hinteregger (1961), and Hall et, al. (1963a,
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b, 1965), while Landini et. al, (1965) have described some satellite
measurements,

This method has the advantage of being able to determine
relative constituent compositions in addition to providing flux
intensities usefuliin other related studies. However, the densities
can be no more precise than the cross sections used to obtain them,
which for active constituents may be very difficult to measure in the
laboratory, and the finite spectral band pass may allow entrance of
radiation with characteristics different from the main line being
observed. Calibration difficulties also arise in particular with long
term satellite measurements,

EUV absorption measurements leading to densities in the
upper atmosphere have been made by Byram et, al, (1956), @ ‘ab..
Hinteregger et,al. (1965), Landini et,al, (1965), Thomas et, al,
(1965), and Hall et, al. (1967). For example, Hall et, al,. (1967) chose
wavelengths which were selectively absorbed by only certain consti-
tuents and were able to estimate the partial densities of the three
‘major constituents in the altitude region from 150 to 240 km, Their
results using the wavelengths 303.8, 629.7 and 1206. 51?‘ showed some
variation:in successive rocket flights; however, the atomic oxygen
densities were generally greater than the corresponding CIRA (1965)
model while the molecular nitrogen densities were somewhat lower.

Although the presence of a small magnetic storm or possible
dependence on geographic or magnetic latitude may have influenced
their conclusions, the results of Thomas et, al. (1965) indicated

large day-to-day density variations in the 120-200 km, region. Such
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variations have also been observed by other recent measurements
(Spencer et.al., 1966; and Pokhunkov, 1968 - see Section 1.2. 3;

and Champion, 1968 - see Section 1.2, 4).

1.2.3 Mass Spectrometer Density Measurements

Mass spectrometers mounted on both rockets and satellites
have provided data on atmospheric composition and temperature.
Several mass spectrometers and their use in the upper atmosphere
have been described by Schaefer and Nichols (1961), Spencer and
Reber (1963), Spencer et. al, (1965), Hedin and Nier (1965), and
Mauersberger et, al. (1968), Generally these instruments admit the
neutral gas into an ionizing chamber and then separate the different
constituents using carefully adjusted electric and magnetic fields.
The different ions impinge upon detectors at different locations or at
different times depending on their mass and the particular instrument
configuration producing electric currents proportional to the density
of the particular constituent. Such measurements can have a very
good height resolution. It is, however, difficult to obtain absolute
calibrations of the instruments especially for active constituents such
as atomic oxygen.,

In order to study the effects of particle collisions with the
instrument walls, Hedin and Nier (1966) flew three mass spectro-
meters as a single unit. One spectrometer had its ionizing region
exposed to the ambient atmosphere as completely as was physically
possible to minimize the particle collisions with the instrument. The

other two were constructed in such a way that a large number of
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collisions would occur before ionization. The spectrometer with the
open ion source gave N2 densities which were up to 40% lower than
those measured by the two other spectrometers. Discrepancies in
the measurements of atomic oxygen were also noted. The absolute
number densities of O were claimed to be correct within 25 to 50%,
while errors for the inactive constituent densities were somewhat
lower at around 20%.

The measurements of Hedin and Nier (1966), Krankowskyt-.i;;sf
et.al., (1968), Kasprzak et.al, (1968), Mauersberger et.al. (1968a)
and other results discussed by Nier (1966) and Roemer (1969)
consistently have shown densities around a factor of two less than
those obtained by other methods - especially those obtained from
orbital decay - and thus these results have also been smaller than the
values given by most neutral models (see Section 1,2.5), In contrast
to the above results, Pokhunkov (1966), and Mauersberger et. al.
(1968b) have reported larger densities which have not shown such a
large discrepancy. Mauersberger et, al. (1968b) also reported
density profiles which were generally very smooth except for a pro-
nounced irregularity near’'135 km. They claimed that this irregularity
could not be explained by erratic behavior of their spectrometer and
tentatively concluded that it was caused by an internal gravity wave.
Such localized irregularities can be very important and are very hard
to detect with orbital decay analysis,

Reber (1964) and Spencer et.al. (1964) have used the mass

spectrometer on the Explorer XVII satellite to obtain densities from
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257 to 700 km. which agree with satellite drag data to within a factor
of two,

In addition to calculating the temperatures from estimates of
‘the scale heights of the density measurements, Spencer et, al, (1965)
have calculated temperatures from a modulation of the density
measurements which was produced by a tumbling probe.

Spencer et,al. (1966) and Pokhunkov (1968) have obtained
temperatures from mass spectrometer data revealing large changes
in the témperature gradients between 150 and 200 km, which were
not supported by the early models of Harris and Priester (1962a, b)
and Jacchia (1964). Swenson (1969) has studied the temperature pro-
files from similar measurements by fitting the shape parameter as
defined by Jacchia and has also found marked departures from the
simple dependence of this parameter on the exospheric temperature
used in Jacchia's models (Jacchia, 1964, 1969). The results implied
that a modification of the température gradients and boundary condi-

tions at 120 km. was necessary in the models.

1.2.4 Falling Sphere Density Measurements

By ejecting a sphere from a rocket in the upper atmosphere
and then measuring its velocity and acceleration as it falls, the air
density may be determined from the equations of motion and the drag
force equation given in Section 1, 2 1. Accelerometers may be
mounted within the sphere to improve the measurements of the drag
component of the acceleration. This method is particularly useful in

the altitude range of 30 to 120 k., The sources of error in the
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density measurements are listed by Horowitz (1966) as being involved
with the trajectory (£ 1%), vertical wind (% 5%), drag coefficient
(= 2%), and the drag acceleration (+ 10%).

Champion (1968) has reported on a series of falling sphere
experiments which show that the 120 km, density in summer at the
tropics is lower than the value given by CIRA (1965), while in winter
the density is higher., Furthermore, he has shown that a nearly
isopycnic level exists near 91 km, rather than at 120 km. as used in

the atmospheric models prior to Jacchia (1969).

1. 2.5 Theoretical Models of the Neutral Atmosphere

Nicolet (1952) has described the general equation relating the
number density, temperature and pressure of an atmosphere of a

perfect gas. This equation is

dp _ dn , 4T az

= —— ——— T2 ——

P n T H

where H :r% is the scale height. . In the upper atmosphere where the
neutral constituents are diffusively separated, each constituent with
its own characteristic scale height is distributed according to the
equation given above. Later Nicolet (1959a, b) used theories on the
photodissociation of atomic oxygen and energy fluxes in conjunction
with early rocket flight data to construct some simple models of the
density and temperature of the thermosphere.

After atmospheric densities became available from orbital
decay analysis, Nicolet (1960) was able to show that the atmosphere

was nearly isothermal above 250 km, and constructed density tables
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for the isothermal region. He also explained that the variations due
to solar activity and the diurnal changes were associated with the
major heating mechanism of absorption of solar EUV below 200 km,
The effect of horizontal conduction in controlling the properties of the
upper atmosphere was also described and implied a limiting of the
latitudinal and seasonal variations, By introducing vertical conduc-
tion, Nicolet showed that neutral temperature gradients in the higher
altitudes must be very small. Otherwise, a larger downward heat
flow would be required than could be supplied,

By assuming the diurnal bulge to be at the same latitude as
the sub-solar point but lagging in longitude by some fixed amount,
Jacchia (1960) derived an empirical formula describing the densities
from early satellite drag data. This early model was given as a
function of the 20 cm solar flux measured at the Heinrich-Hertz
Institut fur Schwingungsforschung in Berlin, Germany,

Since the mean molecular mass does not remain constant in
the upper atmosphere (as in CIRA 1961), all the parameters
describing this region could not be determined from orbital decay
analysis alone, Thus Nicolet (1961) made an additional theoretical
study into the physical factors relating to scale height gradients,
temperature gradients, heat conduction, and diffusion leading to a
revised set of neutral density and temperature models. Although
Nicolet recognized the importance of atmospheric variations in the
lower regions and their effect on the boundary conditions of the
heterosphere, constant boundary conditions at an altitude of 120 km

were used to represent average conditions which would lead to the
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observed densities of about 4 x 10-12 g cm-3 at 200 km, These

boundary conditions were given as the following:

T_ (120) - 325 K

n(N,, 120) = 5.8x 10!t em™3
n(0, 120) = 7.6 x10°0 ¢m™3
n(0,, 120) = L.2x10"' em™>

A discussion of the selection of these boundary conditions and a
detailed tabulation of the resulting densities from 120 to 500 km was
given by Nicolet (1962),

Using the constant boundary conditions given by Nicolet (1961),
Harris and Priester (1962a, b) solved the time dependent energy

balance equation given in the following form:

0T

9 T 0T 0T
71 K(Thgz1-pCppz T :

! ' =
o J

Z

where K(T) is the temperature dependent conductivity,
QJ.(Z, t) are the altitude and time dependent energy inputs or
losses,
Initial solutions yielded temperature and density maxima near sunset
contrary to satellite orbital decay measurements, In order to move
the maxima to 1400 Hours, Harris and Priester introduced a second
heat source with a maximum around 900 hours and with an energy
comparable to the EUV contribution and theorized that the second
source may originate in the solar corpuscular radiatiohror the solar
wind, This same technique was used with an adjustment of the two
energy sources to fit the densities in the CIRA (1965) model to those

derived from satellite drag observations,
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The ''static diffusion' models of Jacchia (1964) assumed an
empirical temperature profile similar to that proposed by Bates

(1959) of the form

T (Z) = T(e) - [Ty - T (Z)]e %720

where the shape parameter S was a simple function of only Tn(oo).
Assuming constant boundary conditions at Zo = 120 km, tabulated
densities, which fit the orbital decay data and the assumed tempera-
ture profile, were specified in terms of the exospheric temperature,
Empirical formulae were then derived to relate these exospheric
temperatures and their corresponding density tables to the geographic
coordinates, time of day, season of the year, and to the geomagnetic
and solar activities,

Stein and Walker (1965) have fitted the density data of King-
Hele (1963) to the empirical formulae of Bates (1959). They found
that for a given molecular density at Zo’ Tn(w) became principally a
function of only the atomic oxygen density at Zo and was nearly
independent of Tn(ZO), While T was mainly a function of Tﬁ( ZO) being
nearly independent of the boundary atomic oxygen density, They
further note‘d that the observed densities could be matched with a wide
range of boundary conditions implying that satellite orbital decay data
alone is not sufficient for determining the temperature and densities
at the boundary altitude,

A theoretical harmonic analysis of the upper atmosphere
dynamics including the non-linear terms of the hydrodynamic and

thermodynamic equations was performed by Volland (1967). By
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including winds in a two dimensional model, he showed that the
"second heat source' postulated by Harris and Priester (1962) was
not needed to obtain the 1400 hour density maximum., The wind
velocities were found to be horizontal at about 100 msél near 300 km
in the morning and afternoon, while at noon and just after midnight
the velocities were vertical and reached 100 m sm1 only in the higher
altitudes,

In a later work Volland (1970) prépbsed that a tidal wave from
the lower regions may contribute significantly to the heating in the
upper atmosphere. The tidal wave implied that the boundary condi-
tions at 120 km could not remain constant, although his model
densities agreed with those of Jacchia (1964) above 300 km and with
those of Marov (1965) below 250 km.

Friedman (1967) constructed a three dimensional model using
solar EUV and collisional heating as the external sources of heating.,
In this model the location of the temperature and density maxima
changed from 1600 hours in the lower altitudes to near 1400 hours for
the higher altitudes. For solstice conditions the latitude of the
density and temperature maxima also varied with altitude. Since the
method employed a simultaneous solution of a rather coarse set of
mesh points distributed over the globe, the results at first appeared
somewhat questionable. However, in a later work Friedman (1970)
refined the mesh and included winds and variable boundary conditions,
His results indicated that maximum wind velocities of about 100 m s"1
occur near 140 km and that the boundary densities must increase with
increasing solar activity, Winds in the higher altitudes of the model

became negligible,
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Stubbe (1970) has presented a simultaneous solution of the
time dependent coupled equations of motion, continuity, and heat
conduction for a mixture of neutral, ion and electron gases,
Assuming constant boundary conditions at 120 km the predicted
diurnal variation of the temperature exhibited a maximum between
1700 and 1800 hours, Neutral gas velocities were included in the
solutions which gave large velocities as high as 600 mst,
Unfortunately no detailed discussion of the diurnal behavior of the
neutral density was given; however, the author implies that it was
similar to Harris and Priester's late hour maximum without the
second heat source,

Jacchia (1970a) is the most recent formulation of an empirical
model of the neutral atmosphere. For this model the isopycnic level
was lowered to 90 km and allows the densities, temperatures, and
temperature gradients at 120 km to vary in phase with the exospheric
temperature, The assumed temperature profile starts with a con-
stant temperature and zero gradient at Z0 = 90 km, and while
increasing with altitude passes through an inflection point at a fixed

altitude, Zx’ of 125 km, Specifically the profile is given by

r 4
m
T(Z)+Z C(Zz-2) ", Z <Z<Z
n'"x n x o x
; m=1
Tn(Z)z

G .
T (Z )+ Atan  {Z(z -2 )[14B(Z-2)"]},

7> 7
X
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where GX is the temperature gradient at ZX and the coefficients Cm,
A, B, and n are used to obtain a fit of the related densities to the
measured data,

Jacchia (1970b) has revised the numerical coefficients used in
the above work with the most significant change being much larger
atomic oxygen densities. As in the Jacchia (1964) model, all known
dependencies of the neutral atmosphere were incorporated in the
empirical functions for the exospheric temperature,

1.2.6 Neutral Temperatures Deduced from Incoherent Scatter
Observations ‘ '

Nisbet (1967) has described a m#&thdd for calculating neutral
atmospheric temperatures from measurements of the electron and
ion temperatures andhof thecelectron density. Since the main energy
input to the ions comes from the ambient electrons with very little
contribution from high energy photoelectrons, Nisbet was able to use
measured temperatures and densities of the electrons and ions to
calculate the energy input to the ions, The thermal energy equation

for monatomic ions for the one dimensional case was given as

3 8P‘i 8Pi 5 .avi 5 BTi
T[W * Vi—g'Z':] t2 P 3tz M) TR T - Qi

where P, = n, kT,
i i7 7
n. is the ion density.
k is Boltzmann's constant,
v; is the mean ion velocity in the 4+ Z direction.

Ti is the ion temperature,
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)\i is the thermal conductivity of the ion gas,

QX are the energy exchange rates,

In the atomic oxygen dominated region, Nisbet solved this equation
for the neutral temperature which enters the equation through Qin'
Estimates of the importance of molecular ions and lighter ions at the
extremities of the o' region were also included.

Using incoherent scatter data from the Arecibo Observatory,
Nisbet (1967) showed that the neutral temperature above 225 km
reaches a maximum between 1600 and 1800 hours, Further studies
by Carru et, al, (1967) at Saint-Santin, and by McClure (1969) at

Jicamarca have also shown a temperature maximum near sunset,

1.3 Specific Statement of the Problem

1; 3.1 Temperature and Density Phase Differences

Can the difference in phase between the diurnal variation of
the temperature as measured by incoherent scatter and the density
as measured by satellite orbital decay be resolved by a consideration

of the complete temperature profile?

1.3.2 Neutral Models Based on Incoherent Scatter Data

Can a self consistent model of the neutral atmospheric tem-
peratures and densities be obtained from incoherent scatter
measurements alone? What differences are there between the

parameters of such a model and those now current?
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1.3.3 Energy Transport in the Upper Atmosphere

What information do the detailed temperature profiles contain
about the energy transport in the upper atmosphere and, in particular,
the vertical heat conduction as it affects the energy budget above

120 km?

1.3.4 Error Considerations

What are the absolute errors in the estimates of the tempera-
tures and densities from incoherent scatter data and how can these

be minimized?



2, METHOD OF ANALYSIS

2.1 Plasma Temperatures in the Molecular to Atomic Oxygen Ion
Transition Region

In the summer and winter of 1968 using an experimental tech-
nique due to Perkins and Wand, a series of high resolution
measurements of backscatter autocorrelation functions was made at
Arecibo. These measurements had an altitude resolution of 15 km
and appeared suitable for making temperature profile measurements
throughout the region from 116 km to 431 km during the day. A
major difficulty with such data is that it is precisely in the region of
interest that the mean ionic mass changes from that of the molecular
ions OZ+ and NO' to that of atomic oxygen,

Since the estimates of the ion and electron temperatures from
the backscatter autocorrelation functions depends critically on the
relative ionic densities, it was considered important to make these
estimates as accurate as possible, The method employed a program
due to Nisbet (1969) in which photoequilibrium theoretical models for
the F1l region were calculated using estimates of the solar fluxes by
Hinteregger (1967), as modified in accordance with observed changes
over the solar cycle and the more recent measurements reported by
Hall, Higgins, Chagnon, and Hinteregger (1969).

Reaction rates for the reactions of importance in the F-region

were chosen to be
+
NO + e == N + O ratea‘l (1)

+
O, + e — O+ O rate a, (2)
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where
-4
_ 1,44 x 10 . .
@, = T Weller and Biondi (1968)
a, = 6.6 x 10*5 Kasner and Biondi (1967)
2 T T " |
and
+ +
o + N2 - NO + N rate Y1 (3)
+ +
o + OZ - O2 + O rate Yo (4)

where Y, = 10‘yl and Y, was chosen to provide a fit with the theoreti~ .
cal models of the F2 region in the vicinity of the peak,

Neutral atmospheric models and in particular N2 and OZ
densities were of importance to the estimates of reactions 3 and 4;
however, the way in which the reaction rates Yy and Y, were
determined was intended to minimize this effect, Neutral densities
were determined using analytical fits to the CIRA 1965 models,
although as will be described later, models based on observed tem-
perature profiles were used for checking purposes later in the work.
The final atomic oxygen ion percentage compositions were adjusted
for differences between the theoretical and measured electron

densities,

2.2 TFormulation of the Neutral Model

Incoherent scatter measurements provide only ion and electron
temperatures, Thus the methods of Nisbet (1967) were employed to

calculate the neutral temperature, As shown by Nisbet the
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differences between the ion and neutral temperatures are small
below 225 km in the region where the molecular ions become of
importance., It was therefore found convenient to estimate the
differences between the ion and neutral temperatures at all heights
based on the ion OF and to merely check that the corrections were
indeed negligible at lower altitudes, Setting the energy input to the
ions equal to their loss and using the energy transfer rates of Banks

(1966a, b) the neutral temperature may be estimated using equation
(1).

4.8 x 10" ne (Te - T4)

T =T, - —_
372 , 172
T, {6.‘6n(N2) +0.21(T, + T )" “n(O) +5. 8n(02)}

n 1

(1)

-Using the above methods, a series of neutral temperatures
was obtained at the altitudes corresponding to the altitudes of the Te
and Ti measurements. To develop neutral models based on these
measurements it was decided to fit the empirical formula of Bates

(1959) to the observations, This formula is given by
o ; -Td |
T (2) = T (o)-{T () -T (Z )} e (2)

where ¢ is the geopotential altitude given by

5 - (Z-2 ) (R +2Z)

R+ 2Z
in Which R is the radius of the earth and Zo the reference altitude
(taken here as 120 km), With the assumption of diffusive equilibrium
above ZO this form for the temperature distribution is useful in that

it leads to a convenient formula for the neutral densities:
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1+wn.
T (Z.) J

T (=) [eT9- 1] + T (Z))

n(j, 2) = n(j, 2 ) e™® (3)

where
v = mjg(Z )
J Tk T (=)
g(:ZO) is the acceleration of gravify at Zo'
. . .th .
mj is the j species mass,

k is Boltzman's constant.

This formulation of a neutral model has been discussed by

_ Stein and Walker (1965) who fitted equation (3) to the density data of
King-Hele (1963)., For satellite orbital decay data they found that for
a given molecular density at Zo’ Tn(co) became principally a function
of only the atomic oxygen density at ZO and was nearly independent of
Tn‘(Zo)’ while T was mainly a function of Tn(ZO) being nearly indepen-
dent of the boundary atomic oxygen density. They further noted that
the observed densities could be matched with a wide range of boundary
conditions implying that satellite orbital decay data alone is not
sufficient for determining the temperature and densities at the
boundary altitude,

The use of this model is very different for incoherent scatter
sounding measurements, What is available are the electron densities
and electron and ion temperatures at a large number of altitudes. At
the lower altitudes the ion and neutral temperatures are close to one
another so that the neutral temperatures are well defined., At

altitudes in excess of about 200 km the ion temperature during the day



- 24 -

is above the neutral temperature by an amount dependent upon the
neutral density, -and this may be used to make estimates of the major
neutral species, atomic oxygen, independent of assumptions about the
boundary conditions. For the fitting process values for the densities
of atomic oxygen, molecular nitrogen and molecular oxygen at 120
km were assumed, Values of T, Tn(ZO) and Tn(co) were then adjusted
to provide a fit to equation (1) for the neutral temperature using a
least squares iteration procedure. This procedure was then repeated
for varying boundary densities to minimize the squared error with

respect to the atomic oxygen density at 120 km,

2.3 Neutral Heat Conduction and Thermal Energy Column Content

Once the neutral temperature and density profiles are speci-
fied, the neutral gas heat conduction fluxes are also specified.
Specifically the heat conduction is given by

daT
n

¥z) = - VA (5)

where TC is taken to be the average of the individual conduction
coefficients weighted to the relative constituent densities or

Zn(j, z) Mj)
X o= Jd

= n(j, 2)

J

Nicolet (1960) gave these coefficients as

MO,) = M(N,) = 1.8 x 10° Tnl/zerg em™lsec k!
AMOY = 3.6 x 102 T;/Z érg cm secle“1
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The necessary derivative may be simply expressed as

dTn(z)
—— = [Tn(m) - T ( ZO)] Te

z

_T(P é_(k
z

[oF

The heat flux conducted down through the reference altitude of 120 km

is given by

F(Z) = -X_1[T (=) - T (Z )] (6)

Diurnal variations of the thermal energy in a vertical column
above Zo are also of interest, In general the column energy content
is approximated by integrating cpnkT upwards from Zo for all species
present, For the assumed model the energy associated with large

scale mass motion was neglected and the following was used;

T (Z,) Y;
~kT (Z,) {(,Z)C() [ ] dz}
ZHJ JS‘ T(oo o1+ T ()

where Cp(j) is the specific heat at constant pressure for the jth

species
k is Boltzmann's constant.

The integration was performed using a Gaussian numerical integration

procedure,



3. RESULTS OF THE ANALYSIS

3.1 Diurnal Variation of the Exospheric Temperature and its Sensi-
tivity on the Assumed Boundary Density

Figure 1 shows the behavior of Tn(GO) for two winter days and
one summer day. These were calculated using the assumption that
the neutral boundary densities were as given in CIRA (1965). The
error bars shown are the one standard deviation limits for the mean
squared error, It is apparent that in the period between 1400 and
1800 hours the calculated value of Tn(oo) increases by roughly 20K
per hour., This is in agreement with previous measurements by
Nisbet (1967) at Arecibo and is opposed to the decrease in tempera-
ture of about 40K per hour given in the CIRA 1965 model. A second
difference lies in the lower value of Tn(w) measured than would be

calculated by the CIRA formula:

_ ' . d-172. .. ,, d-80 —
T14(oo) =5,1F +690 + {[0 39 +0. 15 s1n(2-rr-——3-'-%—5-—):|51n(41r-—3—6-_;_)—)- 0. 30} F

(4)

where d is the day number, F the 2800 MHz flux in units of 10“:22(,3/11{12
c/s.' For the days in question the relevent parameters are:
ka3 1400 hours solar time
Date Previous Given Calculated Measured Diff. %
Day  Day T(w) T(w)
6/26/68 149,1 - 141.4 1406 1100 28
12/13/68 143.4 - 135, 7 1390 1070 29

12/14/68 135.7 - 138.6 1351 1030 31
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Figure 1

Tp(») observed at Arecibo and as predicted by the
CIRA 1965 model
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The above temperatures are related to the assumptions about
the lower boundary conditions, The choice of the lower boundary
density is not arbitrary, however, for the assumption affects the
accuracy with which the temperature profile can be fitted, Figure
2A shows an example of a typical fit to the neutral temperatures as a
function of altitude with the CIRA (1965) boundary densities. For
figure 2B densities 50% of the CIRA (1965) values were assumed., In
this case the differences between the ion and neutral temperatures
become large for the higher altitudes, and negative temperature
gradients result. Such negative gradients imply an upward heat con-
duction which would be difficult to justify theoretically and do not fit
the assumed model given in equation 2. This allows a lower bound to
be placed on the atomic oxygen boundary density and hence the value
of Tn(oo).

The effect is well illustrated when the mean squared error is
plotted as a function of n(O)lzo, Figure 3 shows several examples of
the way this parameter behaves, This lower bound varies with the
individual measurement but for most of the profiles studied to date
values of n(O)120 below about 5 x 1010 c:mm3 provide a poor fit to the
data, It would thus seem that measurements reported by Kranowsky
et. al. (1968) would be too low to be reconciled with these data unless
geographical differences or perhaps departures from diffusion equili-
brium in the region of 120 km are more important than are now
believed, The estimates of the atomic oxygen density in the present
work are based on departures of the ion temperature from the neutral

temperature in the region of 300 to 400 km and hence are applicable
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to this altitude region. Estimates of the boundary densities are made
by the use of the diffusion equation with the best fit neutral tempera-
ture profile,

Figure 4 show§ calculated values of Tn(oo) as a function of the
boundary atomic oxyg;n density for three times during the day of
June 26, 1968/ For the calculations upon which this figure was based,
the ratio of the three major constituents at 120 km were kept'constvant
at the CIRA (1965) values, Due to the effect illustrated in Figure 2B,
the fit rapidly deteriorates for the smaller assumed values of n(O)IZO’
and the points corresponding to the sum of the squared errors twice
the minimum are shoWn with an asterisk (%),

It is apparent that if it is accepted that the atomic oxygen
density at 18:35 h was not lower than 3,7 x 1010 at which value the
mean squared error was twice the smallest error then no matter how

high the boundary density was at 14:03 hrs, the temperature must

have been lower at arcund 14 hours than at around sunset,

3.2 Temperature Variations at the Lower Boundary

Figure 5 shows values of the temperature at 120 km, Tn(ZO),
calculated from the least squares fitting program described earlier,
The error bars represent the combined effect of the one standard
deviation fitting error and the perturbation of the lower boundary
densities by a factor of two in either direction from the CIRA (1965)
values, The average value of the temperature appears to be signifi-
cantly greater than the CIRA (1965) values on all three days. There

does appear to be a cyclic variation in the boundary temperature with
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a period of about four hours, but more data would be required before
it could be considered to be significant, It has recently Been postu-
lated by Chandra and Stubbe (1970) that the phase difference between
the density and temperature at 300 km might be explained by a
modilation of the lower boundary conditions, They considered an
example in which the boundary temperature at 120 km was modified

by a cosine function having an amplitude of 50 K with a maximum at
noon, This does not appear to be consistent with the present tempera-
ture measurements,

3.3 Temperature Gradient Variations at the Lower Boundary and the
Implied Diurnal Density Variations

Figure 6 shows the values for the temperature gradients at
120 km, -g—%- (ZO), The error bars again represent the combined
effect of a one standard deviation fitting error and the perturbation of
the lower boundary densities by a factor of two from the CIRA (1965)
values, For the data of June 26, 1968 it is apparent that there is a
major departure from the CIRA (1965) variation in the boundary
temperature gradient from 9 to 14 hours, The variations for the
December data were similar but of smaller amplitude, Since this
term controls the rate of change of the scale height with increasing

altitude, ‘the gradient affects the number of scale heights between any

two altitudes through the integral
Z

k T

Z n
o
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and thus effects the ratio of the neutral densities at 300 km and at z
in a diffusion equilibrium atmosphere.

Figures 7 and 8 show the neutral density at 300 km for June
26, 1968 and December 13-14, 1968, For these measurements the
CIRA (1965) boundary densities were assumed, Error bars -
correspond to the one standard deviation errors in the least squares
fitting procedure. It is apparent that the density maximum does not
coincide with that of the temperature but occurs four to six hours
earlier. It is thus apparent that the time difference between the
density maximum as observed by satellite measurements and the
temperature maximum as observed by incoherent scatter sounding
can be explained without assuming a variable boundary density at
120 km. Furthermore, boundary densities close to CIRA (1965)
values provide good agreement for the calculated and observed
densities at 300 km in spite of the differences between the CIRA (1965)
values of T(®) and those observed in this series of measurements,
These differences between the observations and the CIRA (1965)
model are adequately explained by differences in the temperature
gradient close to 120 km,

Figure 9 shows the effect of perturbing the boundary density
above and below the CIRA (1965) value, Error bars reflect the one
standard deviation fitting error as associated with each profile for
a given assumed boundary density, The larger boundary density gives
300 km densities far in excess of those listed in CIRA (1965) while
those for the smaller boundary density are generally smaller than the

CIRA (1965) values except for early morning., The relative diurnal
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variations of the 300 km densities with a maximum near mid-day are
quite similar for the three different boundary densities. These
curves allow the effect of a perturbation in the lower boundary
densities to be estimated. If, for example, it is assumed that thev’
density function is well known from satellite orbital decay studies
then the required boundary condition at 120 km to reconcile the
diffusion equilibrium assumption and the observed profile cannot
depart very far from the CIRA (1965) values,

3.4 Diurnal Variation of the Heat Conduction through the 120 Km
Boundary and of the Thermal Energy Column Content

Figures 10 and 11 show the variation of the heat conduction for
the three days data being considered here. The summer data shows
an increase of more than a factor of two from 900 hours to 1200 hours,
followed by a sharp decrease in the afternoon. The winter days show
a similar morning increase with a more moderate afternoon decline,
This may be compared with the markedly different heat conduction
predicted by the CIRA model which shows a gradual increase in the
conduction throughout the day to a maximum near 1800 hours,

Another quantity of interest is the heat content in a vertical
column above the reference altitude. Figures 12 and 13 show the
daytime changes in this term for the three days at Arecibo and com-
pares them to the heat content predictions of the CIRA models. Again
a striking difference in the general shape of the observed variations
and the mode; may be noted,

If the conduction were to remain nearly constant throughout

the night at about 0.8 ergs per »cmz per sec, then in the absence of a
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nighttime heat source a heat content change of about 3,5 x 104 ergs
per cm? in the 12 hour period from 1800 to 600 hours would be
expected., This represents a fractional change in the evening heat
content of some 20%. For the small sample of data thus far
considered, this change does not appear likely and either the conduc-
tion drops off or there is some source of energy during the night,
For the winter data the heat content at 1800 on December 13 is very
nearly the same as at 600 on December 14, while the morning con-
tent on June 26 appears somewhat higher than in the evening. It is
interesting to note that the preceding day's solar index was somewhat
higher for the summer, whereas for the winter data the first day's
index was lower and the change less, Such long term changes in the
absence of a large change in the column content at nibght seem to
imply a rather significant horizontal transport effect,

These results may usefully be compared with the assumptions
of theoretical models of the upper atmosphere in which horizontal
transport is neglected and in which the major source of energy loss
above 120 km is conduction through the lower boundary, With such
models the energy input during the day is greater than the heat con-
ducted downwards to make up for the heat loss during the night, The
heat content for such a model must be greatest at a time close to
sunset. It may be noted that our observations in common with the
CIRA (1965) and other models based on satellite orbital decay do not
support this property of the one dimensional model, The observations
still require considerable energy transport from the '"afternoon”

atmosphere to the ''night' atmosphere,



4. CONCLUSIONS

4,1 The Diurnal Variations of the Upper Atmosphere

The high resolution measurements confirm previous results
(Nisbet, 1967; Carru et, al,, 1967; McClure, 1969) that the tempera-
ture Tn(co) does not decrease at Arecibo after 1400 hours as shown
in the CIRA (1965) and Jacchia (1970a, b) models but remains con-
stant or increases slightly up to around sunset. The values of the
exospheric temperature, Tn(GO), were also found to be lower than
predicted by the CIRA (1965) model by about 30% and similar to the
Jacchia (1970) model, except for the timing of the maximum. These
results were shown to be quite insensitive to the assumptions about
the lower boundary conditions on the atmospheric density,

While the densities at 300 km are quite dependent on those
assumed at 120 km, it may be said that the mean value of the density
at 300 km throughout the day as calculated in this work is comparable
with the values for CIRA (1965) and higher than would be expected
from the measured values of Tn(co), The 300 km densities of the
Jacchia {1970) model are also similar toc the mean value presented
here even though the diurnal behavior of the temperature was quite
different. It was therefore demonstrated that there can be a signifi-
cant phase difference between the density and temperature maxima
of 3 to 5 hours which results from large changes in the gradients in

the region from 120 to 150 km.
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4,2 Neutral Models Consistent with Incoherent Scatter Data

< It has been shown that the complete plasma temperature pro-
file with an assumption of diffusive equilibrium can be used to obtain
consistent neutral temperatures and densities for the region above
120 km, By examining the physical characteristics of the resulting
neutral temperature profiles for various values of the boundary
density, it was possible to place a lower bound on the atomic oxygen
density at 120 km of about 5 x 1010 crn_1 while the best fit normally
implied atomic oxygen densities greater than listed by CIRA (1965)
and closer to those shown by Jacchia (1970). Such a best fit could
only be obtained when the ion temperature departed significantly from
the isothermal neutral temperatures in the higher altitudes, When
the electron density became large in the afternoon the increased
thermal coupling between the ions and neutrals reduced the tempera-
ture difference below the necessary level. Further calculations
using incoherent scatter from higher altitudes coupled with simul-.
taneous high resolution measurements at lower altitudes should
provide a clear picture of the atomic oxygen variations at the 120 km
level and greatly improve the accuracy of the neutral density

measurements,

4.3 The Energy Budget of the Model

Because of the complexity of the real situation, the unduly
simple form of the assumed temperature profile cannot exactly satisfy
the heat conduction equation even though it provides a good fit to the

actual observed temperatures.
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It may, however, be said that the observations are not consis-
tent with a model in which horizontal transport is neglected and in
which the main heat input is for EUV. absorption and the main cooling
from vertical conduction, The estimates of the total nighttime con-
duction through the 120 km level are too large for the observed
changes in the thermal energy column content, Furthermore the
content does not increase throughout the afternoon as would be
expected of a model which can only transfer energy by downward con-
duction.,

Some preliminary theoretical studies including winds have
been made by Volland (1967, 1970), Friedman (1970), and Stubbe
(1970), all of which implied the importance of horizontal transport
although their specific conclusions were not completely consistent,

A major problem in such theoretical analysis is the number of
boundary conditions that have to be specified. It.is hoped that the
conclusions of the present work will, when subjected to experimental
verification by other techniques, be helpful in the development of

more realistic models,

4.4 Suggestions for Further Work

Uncertainties in the neutral temperatures are due primarily
to the errors in the ion temperatures. Since the plasma temperatures
depend on the percentage compositions of the atomic and molecular
ions, some uncertainty results directly from the estimates of the ion
composition, This is especially true at sunrise when there are large

neutral and plasma transport effects which may cause significant
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departures from the assumed equilibrium conditions, Such errors in
the temperatures within the molecular to atomic ion transition region
are mainly projected into the parameter T,

Mass spectrometer measurements of both the neutral and ion
densities and EUV spectrometric measurements of the solar flux
made simultaneously with incoherent scatter observations includingv
the plasma velocities will be important in better defining the tempera-
tures in the transition region and thereby reduce the uncertainties in
the temperature gradients which were encountered in the present
analysis,

In the higher altitudes errors in the atomic oxygen density
produce additional uncertainty in the neutral temperature profile
through the parameter Tn(OO). If a satellite of suitable construction
for orbital decay measurements preferably equipped with accelero-
meters were placed in an orbit with its perigee in the isothermal
region above an incoherent scatter radar facility, this particular
uncertainty could be reduced. This in turn would help to improve
the density estimates near 120 km through its relation to the tempera-
ture profile, and provide a check on the neutral densities obtained
directly from incoherent scatter data using both the spectral
broadening caused by collisions in the lower altitudes and the best
fit analysis described in this work.

While many data points in the present analysis contributed
significantly to the search for Tn(oo) with a fixed boundary density,

only a few data points in the vicinity of 120 km contributed to Tn(ZO).
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By increasing the resolution of the low altitude measurements, esti-
mates of this parameter can be improved,

Being able to determine the boundary atomic oxygen density
directly from the fitting procedure described in this work depends on
a consistent departure of the ion temperature from the neutral tem-
perature in the isothermal region of the upper altitudes, Often this
difference was not greater than the scatter in the data for an altitude
range large enough'to give reliable densities., This problem could be
remedied by simply extending the incoherent scatter measurements
to higher altitudes and by taking careful account of the effects of the
lighter ions,

Since the incoherent scatter radar facilities are the only
instruments which can provide a continuous monitoring of the com-
plete temperature profiles, it is important thatthe measurements by
the several different methods available be made simultaneously and
at the same general geographic location as the radars, Such
correlated experiments will help eliminate any remaining instrumen- .
tal discrepancies and be invaluable in providing the information

necessary for specifying the behavior of the upper atmosphere,
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